1.. Introduction
================

Type II diabetes mellitus (T2DM) is primarily characterized by initial insulin resistance followed by a progressive decline in the function of insulin secreting β-cells. Importantly, only a subset of persons with insulin resistance will develop impaired β-cell function and diabetes, while others will maintain normal glucose levels through a compensatory increase in insulin secretion. The factors leading to β-cell decompensation in some but not in others is the subject of intense research efforts. While genetic factors are likely, diet and other environmental factors are thought to contribute to the development of T2DM \[[@R1]-[@R3]\]. Exploring environmental factors contributing towards a reduced function of insulin producing β-cells is therefore highly relevant.

Cadmium (Cd) is an ubiquitous industrial and naturally occurring environmental contaminant that is a group 1 carcinogen with toxic effects in lung, liver, testicular, kidney and bone tissues \[[@R4]\]. The kidney is considered the primary target organ of Cd toxicity with concentrations reaching the highest levels in the renal cortex over time. The biological half-life of Cd is 10 -- 30 years and individuals with non-occupational exposure to Cd have the highest levels reached at approximately 50 years of age \[[@R5]\].

While Cd is primarily considered a nephrotoxicant there is a body of literature showing significant correlations between exposure to Cd and the prevalence of prediabetes and/or T2DM \[[@R6]-[@R8]\]. Numerous short-term and long-term *in vivo* Cd exposure models have shown Cd to cause hyperglycemia and disrupt glucose homeostasis in experimental animals \[[@R9], [@R10]\]. The exact mechanism of action of Cd-induced disruption of glucose homeostasis is unknown. However, overall pancreatic β cell dysfunction and more specifically, impaired glucose stimulated insulin release are likely factors. Cd accumulates within human pancreatic β cells and alters glucose stimulated insulin release *in vitro* \[[@R11]\]. For individuals with occupational exposure to Cd, fasting serum insulin was shown to be significantly lower in individuals with elevated urinary Cd levels \[[@R12]\]. Additional mechanisms by which Cd may alter glucose homeostasis involve changes in glucose transporter expression in adipocytes \[[@R13]\] and increases in renal and hepatic gluconeogenesis \[[@R14], [@R15]\]. Taken together, this would indicate that Cd likely has multiple effects in multiple tissues to cause alterations in glucose homeostasis. This review will examine these possible mechanisms and show recent data from the Edwards lab indicating that Cd alters important mediators of metabolism: leptin, glucose-dependent insulinotropic polypeptie (GIP) and pancreas polypeptide.

1.1.. Sources of Cd Exposure
----------------------------

Cd is a widespread environmental and industrial pollutant that currently ranks seventh on the US Environmental Protection Agency (EPA) Priority List of Hazardous Substances. Exposure to Cd can result in damage to the lung, liver, kidney, bone and testes depending upon the dose, route and duration of exposure \[[@R16]\]. Tobacco smoke is the primary source of non-occupational exposure to Cd with each cigarette containing an average of 1.1 µg Cd; 70% of which is present in inhaled smoke \[[@R17]\]. Second to smoking, food is a major source of Cd exposure \[[@R18]\]. Common foods contain amounts of Cd equal to or greater than those found in store-bought beef liver, an organ known to contain elevated Cd, (see Fig. **[1](#F1){ref-type="fig"}**). The minimal risk level, which is the estimate of the daily human exposure to a hazardous substance that is likely to be without appreciable risk of adverse non-cancer health effects, is 0.1 µg/kg/day, with chronic oral ingestion of Cd \[Agency for Toxic Substances and Disease Registry (ATSDR)\]. The EPA analogous measure of toxicity, the reference dose, is 1µg/kg/day for chronic oral Cd ingestion. The World Health Organization (WHO) level is slightly lower with the provisional tolerable monthly intake of 25 µg/kg/month by ingestion. However, the Panel on Contaminants in the Food Chain of the European Food Safety Authority differs significantly with a tolerable weekly intake of 2.5 µg/kg/week or 10.7 µg/kg/month. All of the above organizations established safe levels of Cd exposure based on urinary biomarkers of renal function and urinary Cd data.

In a 2001 study that used toxicokinetic modeling, the estimated daily dietary intake of Cd for non-smokers was 0.35 ± 0.17 µg/kg/day or 27 ± 12.3 µg/day (mean ± SD) for males living in the US ages 20 -- 39 \[[@R19]\]. Slightly lower estimated levels of Cd exposure were reported in females. In a similar 2013 study using data from Thailand, the estimated average dietary Cd intake was 56 µg/day for never-smoker males ages 20 -- 39 living in a low exposure area and 224 µg/day in a heavily contaminated area \[[@R20]\]. Therefore Cd has a very narrow safety margin when considering dietary intake levels, especially for cigarette smokers.

1.2.. Bioaccumulation of Cd
---------------------------

With long-term Cd exposure, the highest Cd concentration is found in the kidney cortex at concentrations of 5 to 20 fold higher than any other tissue with the order of accumulation being: kidney cortex \>\> liver \> thyroid \> pancreas \> bone \[[@R18], [@R21], [@R22]\]. In all of these studies, Cd content was measured from whole pancreatic tissue samples. Recent studies examining human tissue samples indicate that within the pancreas, Cd may preferentially accumulate in islets \[[@R11]\]. Additional experiments showed model cell lines of pancreatic β cells (MIN6 and 3T3) accumulate Cd in a time-dependent manner \[[@R11]\]. Furthermore, the magnitude of Cd accumulation in functioning, viable islets isolated from Cd-treated animals is similar to the renal cortex (within the same order of magnitude) based on a recent collaborative project between the Edwards and El Muayed labs (manuscript in preparation). Interestingly, isolated islets that were incubated in high glucose (3mg/ml) had lower levels of Cd as compared to islets incubated in low or basal glucose (0.5 mg/ml) solutions.

2.. CADMIUM AND HYPERGLYCEMIA / T2DM
====================================

Not all studies show Cd to be associated with fasting blood glucose at or above 126 mg/dl. However, since prediabetes is a growing health concern and precursor to T2DM epidemiological and experimental studies showing Cd exposure or effects associated with hyperglycemia are included in the discussion.

2.1.. Epidemiological Evidence
------------------------------

There is a growing body of literature showing significant correlations between exposure to Cd, and prevalence of hyperglycemia/T2DM in countries such as: Pakistan \[[@R6], [@R23]\]; China \[[@R24]\]; USA \[[@R7], [@R25]\] and Australia \[[@R26]\]. One study has shown no statistically significant association between Cd exposure and diabetes in a heavily Cd-contaminated area of Thailand \[[@R27]\]. However, in a study from the same group the prevalence of diabetes was significantly increased in a 5 year period in a subpopulation with continued high levels of Cd exposure; no change in the prevalence of diabetes was detected in a subpopulation with reduced Cd exposure \[[@R28]\]. Using NHANES data, Wallia *et al*., showed a significant increase in the odds ratio for prediabetes for individuals with elevated urinary Cd levels while there was a decrease in the estimated insulin resistance and pancreatic β cell function using the Homeostatic Model Assessment, HOMA-IR and HOMA-β, respectively \[[@R25]\].

The most widely used biomarker for Cd exposure in epidemiological studies is urinary Cd. However, the utilization of urinary or blood Cd levels as a measure of Cd exposure has limitations. The internal or absorbed dose of Cd in the renal cortex is superior to blood or urine Cd levels as a measure of low-level, long-term Cd exposure because the concentration of Cd in the renal cortex more accurately represents lifelong Cd exposure \[[@R29]-[@R31]\]. Blood Cd concentration only represents recent exposure and does not provide information on total body burden of Cd. Similarly urinary Cd concentration is not straightforward, with low or moderate Cd exposure Cd is almost completely reabsorbed in the proximal tubules. Urinary Cd will not increase significantly until the body burden of Cd is large or kidney damage occurs \[[@R29]\]. This makes interpreting epidemiological Cd data and drawing conclusions from these studies difficult.

2.2.. Experimental Studies
--------------------------

Experimental studies using animal models of Cd exposure have shown Cd to have diabetogenic effects in both acute \[[@R10]\] and sub-chronic exposure models \[[@R13], [@R21], [@R32], [@R33]\]. Our own preliminary studies using a subchronic model of Cd exposure in the rat show that Cd caused a gradual elevation in fasting blood glucose levels with significant increases at a time point several weeks prior to any overt signs of Cd-induced renal dysfunction \[[@R9]\]. These effects were associated with a 50% decrease in fasting serum insulin levels and morphological changes within the pancreas.

Similar to epidemiological studies examining Cd, there are limitations or caveats to experimental Cd studies involving animals. Specifically, Cd has a biological half-life measured in decades while the rodents used in most of these studies have a life expectancy of 2 years. As a result, a common and accepted practice is to accelerate or enhance the Cd exposure process by administering Cd at higher daily doses than that to which humans would be exposed. This may make it difficult to directly translate findings from animal studies to human health. However, it is one of the inherent limitations of animal studies that examine the long term effects of Cd. One exception of experimental studies using relatively short term duration of exposure is Kurata et al., (2003) where ovariectomized cynomolgus monkeys were administered two different Cd doses for 13 -- 15 months. In that study, animals given the highest Cd dose lost bodyweight at the 6 month experimental time point with fasting blood glucose increasing and fasting insulin decreasing both in a time-dependent manner \[[@R34]\]. Histological examination of pancreatic tissue showed islets that were atrophic with vacuolization and decreased insulin immunolabelling \[[@R34]\].

3.. MECHANIMS OF CADMIUM-MEDIATED HYPERGLYCEMIA / T2DM
======================================================

It is clear from the experimental literature that Cd has at the very least a modest diabetogenic effect. This has been shown in variety of short-term and long-term *in vivo* Cd exposure models \[[@R9], [@R10], [@R13], [@R35]\]. However, there are only a small number of experimental studies that examine the cellular mechanisms of Cd-induced hyperglycemia or diabetes. The few potential mechanisms that have been identified in these studies can be separated into three main categories; increased gluconeogenesis, altered glucose transport and disruption of pancreatic islet function (see Fig. **[2](#F2){ref-type="fig"}**). The second half of this paper will review the relevant experimental and mechanistic studies then show novel data from the co-author's (J. Edwards) lab that reinforces the importance of pancreatic islet function in the etiology of Cd-induced hyperglycemia or diabetes. The literature reviewed here will emphasize studies that involve long term *in vivo* Cd dosing. However, pertinent *in vitro* studies with Cd dosing at very low and physiologically relevant concentrations will be included.

3.1.. Gluconeogenesis
---------------------

Gluconeogenesis is an essential process for maintaining glucose homeostasis that accounts for 47% of glucose present in blood after a 15 hour fast in lean, non-diabetic individuals. In T2DM patients, the contribution of gluconeogenesis to total blood glucose is significantly greater \[[@R36]\]. As such, any substance that disrupts gluconeogenesis may be an important aspect in the development of T2DM. In animal studies where rodents were given low-level sub-chronic exposure to Cd, there was a resulting increase in the activity of all four of the key enzymes responsible for gluconeogenesis in both kidney and liver tissues \[[@R32]\]. The increase in activity of the gluconeogenic enzymes was approximately two-fold following Cd exposure and occurred in a dose- and time-dependent manner that was associated with significant increases in blood glucose \[[@R15], [@R35]\]. Given the importance of gluconeogenesis, further effort is needed to determine by what mechanism Cd alters the activity of gluconeogenic enzymes.

3.2.. Glucose Transporters
--------------------------

A hallmark of type-II diabetes is decreased insulin sensitivity that ultimately translates into decreased glucose transport from blood to tissue of various types. Although the literature is limited, there is evidence that Cd may cause a reduction in glucose transport in both adipose and renal tissues. In one study adipocytes isolated from rats previously exposed to Cd had reduced glucose transport activity that was associated with decreased expression of the glucose transporter (GLUT4) \[[@R13]\]. In another study, primary mouse renal cortical cells exposed to Cd *in vitro* showed a decrease in both glucose uptake and expression of SGLT1, a Na^+^-dependent glucose symporter \[[@R37]\]. Further studies are needed to sort out the roles of these various organs and their interrelationships in mediating the actions of Cd on glucose transport.

3.3.. Pancreatic Islet Dysfunction
----------------------------------

Many studies show that Cd decreases serum insulin in animals \[[@R9], [@R33], [@R34], [@R38], [@R39]\] and humans \[[@R12]\]. However, the mechanism responsible for this effect is unknown. Several likely cellular mechanisms exist that include alterations in: 1) energy metabolism, 2) oxidative stress, 3) Ca channel function and 4) cell-cell adhesion.

***Energy Metabolism.*** β-cell function is very sensitive to alterations in the ratio of ADP/ATP, for review see \[[@R40]\]. The production of ATP, ATPase activity and cytochrome c oxidase expression were decreased in a time-dependent manner in kidney tissue in a study examining long term exposure of Cd in rats \[[@R41]\]. Any substance, including Cd that may alter this ratio would have profound effects on insulin release.

***Oxidative Stress.*** Cd is a well-known inducer of oxidative stress in a variety of tissues and cell types however, few publications exist that examine Cd effects on islets or cell lines that model islets. One study from the El Muayed lab, showed that Cd caused decreases in the reduced form of glutathione in the mouse β cell line, MIN6, and decreased the ratio of oxidized to reduced glutathione in dispersed mouse islets \[[@R11]\]. In addition, the expression of oxidative stress marker genes heme oxygenase 1 and Glutamate-Cysteine Ligase, Modifier Subunit (GCLM) increased significantly in MIN6 cells \[[@R11]\]. In another study, Cd was used to induce the expression of heme oxygenase 1 in the mouse islet cell line, BTC-3 and in the acinar cell line AR42J \[[@R42]\]. Arsenic is another environmental toxicant known to cause oxidative stress that impairs glucose stimulated insulin release with the formation of reactive oxygen species acting as important mediators \[[@R43]\]. With so few publications examining the oxidative effects of Cd on islets there is a need for further study and to address this gap in the literature.

***Calcium Channel Function.*** Electrophysiologists have used Cd for decades as a research tool to investigate Ca channel function by inhibiting Ca conductance in a competitive manner. Using the insulinoma cell line, HIT-T15, Cd accumulation was significantly greater when cells were depolarized in a 20 mM KCl solution. In the presence of the L-type Ca channel inhibitor, nimodipine, Cd accumulation was significantly less \[[@R44]\]. In the same study, nimodipine reduced apoptotsis in HIT-T15 cells exposed to Cd. These are promising findings that support further effort to examine Ca channel blocking effects of Cd as related to insulin release.

***Cell-cell Adhesion.*** Maintenance of cell-cell adhesion is essential for a variety of physiological processes including insulin secretion. The cadherins are a group of transmembrane proteins located at the adherens junction that are responsible for cell-cell adhesion. Recent studies show the essential role cell-cell adhesion and cell adhesion proteins have in islet function with adherens junction proteins E-cadherin \[[@R45]-[@R47]\] and β-catenin \[[@R48]\] specifically being essential in glucose-stimulated insulin secretion. Cd alters cell-cell adhesion and the localization of cell adhesion proteins including N- and E-cadherins and β-catenin in kidney tissue \[[@R49]-[@R51]\] and E-cadherin and VE-cadherin in the lung \[[@R52]\]. Results of our morphological studies suggest that Cd causes retraction and separation of cells in pancreatic islets \[[@R9]\]. In the canonical Wnt signaling pathway, ligands activate cell surface receptors resulting in a complex cell signaling cascade that leads to the accumulation of β-catenin in the cytosol. From the cytosol, β-catenin can translocate to the nucleus where β-catenin acts as a transcription co-factor and binds with other transcription cofactors such as T cell factor/lymphoid enhancer factor (TCF/LEF) to alter gene expression \[[@R53], [@R54]\]. Some of the genes that are up-regulated in this process are the proto-oncogenes: c-jun, c-myc and cyclin D1.

4.. CHANGES IN METABOLIC BIOMARKER  LEVELS DURING LONG-TERM EXPERIMENTAL CADMIUM EXPOSURE
=========================================================================================

For 12-week long exposure studies, rats were given daily subcutaneous injections of Cd 5 days per week for up to 12 weeks at the dose of 0.6 mg/kg of Cd in the form CdCl~2~. Animals were purchased from Harlan Laboratories Indianapolis, IN. All animal studies were reviewed and approved by the Institutional Animal Care and Use Committee at Midwestern University, Downers Grove, IL. Animals were housed in an AAALAC accredited facility with 14:10 hour light cycle and access to standard rodent chow and water ad libitum, except that food was withheld 5 hours prior to blood sampling for later analysis for metabolic markers. Rats were anesthetized with ketamine/xylazine (67/7 mg/kg, i.p.) then the abdominal cavity was opened. Blood samples were collected from the exposed vena cava and allowed to coagulate for 45 min at room temperature in microcentrifuge tubes in the presence of dipeptidyl peptidase IV protease inhibitor 1:100 final concentration (catalog \#DPP4, Millipore, Billerica, MA) and protease inhibitor cocktail 1:100 final concentration (catalog \#P8340, Sigma, St. Louis, MO). After the blood was coagulated the tubes were stored on ice then later centrifuged at 2000g for 15 min at 4°C. The top layer of clear serum was carefully removed and placed in clean microcentrifuge tubes and stored at -80°C until analyzed. The MilliPlex xMAP Kit (Millipore, Billerica, MA) methods were followed according to the manufacturer's recommended protocol (catalog \#RMHMAG-84K-08). MagPix Analyte software package was used to quantify data. The GIP data set had a high degree of variability which is the likely reason no statistically significant changes were detected by the post-tests. Additional markers of metabolism and pancreatic function that were examined but did not show statistically significant changes were: insulin, glucagon, GLP-1, amylin (active) and IL-6 (data not shown).

4.1.. Cadmium, Leptin and Islet Function
----------------------------------------

The relationships between leptin, bodyfat and insulin release are complex and outside the scope of this manuscript, for excellent reviews on this topic please see \[[@R55], [@R56]\]. In one of the few studies that examined Cd effects on leptin levels, normal and metallothionein-null mice had reduced plasma leptin levels and reduced leptin expression from white adipose tissue following Cd exposure \[[@R57]\]. Furthermore, the metallothionein-null mice had decreased bodyweight and decreased white adipose tissue weight \[[@R57]\]. Previous studies using the same Cd dosing (0.6 mg/kg/day) as the animals used to collect data in Figure **[3](#F3){ref-type="fig"}** showed that Cd exposure resulted in significantly lower body weight over time \[[@R58]\]. Furthermore time to onset of the Cd-induced decrease in weight gain is early and occurs before overt signs of renal dysfunction such as polyuria and proteinuria \[[@R49]\]. Lastly, in a study in which Cd exposure occurred *via* the oral route (rats were given Cd-containing food pellets), there was a dose- and time-dependent decrease in body weight gain \[[@R14]\]. Interestingly, a study using NHANES data revealed significant inverse relationships between elevated urinary Cd and body mass index or waist circumference in the US population \[[@R59]\]. Experimental studies shown here indicate that during Cd administration, Cd may decrease leptin release by inhibiting adipocyte leptin secretion or cause an overall decrease in adipose tissue. In contrast, other experimental studies examining the effects of Cd following cessation of the administration of Cd, there was a significant increase in individual weight gain and increased fat pad weight (data not shown). Therefore, the effects of Cd on body weight and fat content may be biphasic in nature with in initial loss of bodyweight and fat content during exposure then resulting increase in bodyweight and fat following cessation of exposure.

4.2.. GIP and Cadmium
---------------------

GIP is a hormone that is released in response to food ingestion from K cells in the duodenum or α-cells in islets and acts directly on β-cells to increase insulin release. The magnitude of increased insulin release was over 6 fold in isolated islets incubated in sub-nano molar concentrations \[[@R60]\]. Our lab has previously reported that Cd causes decreased serum insulin after 12 weeks of Cd exposure at 0.6 mg/kg/day \[[@R9]\]. That there was no change in insulin despite a 15 fold increase in GIP in 12 week Cd treated animals is significant given that GIP increases both basal and glucose-stimulated insulin release \[[@R60]\]. Pancreatic tissue was co-immuno-labelled for GIP and insulin to examine if the change in GIP was due to alterations in islet GIP release. There were no apparent changes in GIP labelling intensity or magnitude in islets (data not shown). As such, the most likely source of serum GIP in the Cd treated animals are the K cells located in the small intestine.

4.3.. Pancreas Polypeptide
--------------------------

The source of pancreas polypeptide (PP) are the PP cells within islets and cells scattered throughout the exocrine pancreas and pancreatic duct epithelium. Like GIP, PP is released in response to food ingestion. However, unlike GIP, PP acts to decrease insulin release \[[@R61]\].

5.. CONCLUSION
==============

In the last few years, data have emerged that islets accumulate Cd at higher levels compared to other tissues. Since Cd is present at elevated levels it is logical to assume Cd exerts direct effects on islets and likely impairs insulin release. Several studies outlined above support this view. However, an additional confounding factor to the potential direct effects of Cd in islets is that Cd also causes renal dysfunction, which can result in altered islet function and dysglycemia. Considering this, the argument could be made for increased use of *in vitro* models that specifically examine the effects of Cd on islet function. One consideration for *in vitro* Cd studies is to not only examine the effects of the ionic form of Cd but to study the effects of Cd-conjugates (*e.g.* Cd-glutathione, Cd-metallothionein) that are formed after Cd biotransformation *in vivo*.

It is unclear what role Cd may have in altering body weight or body fat content. Since use of tobacco products is the number one non-occupational source of Cd exposure, additional insights may be gained by examining never-smokers, smokers and ex-smokers. Of these groups, ex-smokers are most at risk for being overweight and obese \[[@R62]\]. Considering the effects of Cd from experimental studies, it is possible that Cd has effects to decrease bodyweight and obesity during smoking exposure then cause an increase in bodyweight and obesity during smoking cessation.

How important the exposure to environmental substances is in determining the likelihood that a person develops either T2DM or prediabetes remains to be determined. However, data shown here demonstrate that long term Cd exposure resulted in disruption of several markers of metabolism and pancreatic function as indicated by changes in serum GIP, PP and leptin. Based on these initial observations, further experiments are warranted to investigate the diabetgenic effects of Cd.
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